The progress of total chemical protein synthesis has been hampered by difficulties in preparing peptide thioesters by standard Fmoc peptide synthesis. The amino acid, a-methylcysteine, sited at the C-terminus of a peptide can substitute for a thioester in peptide ligation reactions. C-terminal a-methylcysteine is fully compatible with Fmoc peptide synthesis and its use in ligation is very simple and robust. Its potential is demonstrated with the synthesis of model proteins.
Introduction
The peptide bond has a half-life in the order of 10 2 years, 1 consequently, the peptide framework is generally considered to be very stable. There are celebrated exceptions, for example, the degradation of asparagine and aspartyl residues via an intramolecular mechanism.
2 Intramolecularity is also responsible for the rapid hydrolysis of amide bonds observed for proximity assisted hydrolysis.
3 Alternatively, torsional strain can raise the reactivity of amide bonds such as those in 2-quinuclidone, 4 Kirby's amide, 5 tetramethylpiperidine 6 and others. These examples illustrate the dramatic increase in reactivity when the nitrogen lone pair is decoupled from resonance. Biologically relevant reactive amides include the core amide of penicillin as well as the splice junctions of inteins. 7 The reactivity of amide bonds to thiols has also been extensively studied because of their biological relevance. 8 With the widespread adoption of native chemical ligation (NCL) many previously inaccessible protein targets have been synthesised. 9, 10 There is an emerging demand for proteins with post-translational modication (PTM) whose synthesis is not always compatible with the use of Boc protocols, although strategies are being developed to overcome this. 11 The demand for deprotection conditions compatible with a full range of PTMs has driven the development of Fmoc/tBu compatible linkers for peptide thioester synthesis.
12 The approaches used to prepare peptide thioesters with Fmoc protocols can be classied into two types, those that use a safety-catch approach, such as the sulfamylbutyryl approach of Kenner, 13,14 the Dawson linker 15 and hydrazide linker 16 and those that exploit an intramolecular O,S or N,S acyl transfer step to transform a stable bond into a thioester.
12b, 17 Many of these linkers are converted to a thioester in a two-step reaction, rearrangement occurs irreversibly under strong acidic conditions followed by exchange to give a peptide thioester suitable for use in ligation.
18 However, a subset of these linkers undergo acyl transfer under neutral conditions and can therefore be used directly in ligation. Botti and co-workers demonstrated O,S acyl transfer and ligation under neutral conditions.
19 N,S acyl transfer from tertiary amide bonds has recently been used for ligation.
20, 21 Furthermore, Macmillan and co-workers reported N,S acyl transfer and thioester exchange at cysteine sites in peptides using conditions of high temperature and acidic pH 22 and recently demonstrated a peptide lactamization.
23
We wanted a linker that would be fully compatible with conventional Fmoc peptide synthesis but would give a weakly activated C-terminus suitable for direct use in NCL aer deprotection. Previous approaches have used N-substituted amides.
20, 21 However, we sought to avoid the difficulties involved in acylating sterically-hindered secondary amines and the propensity of N-substituted amino acids for diketopiperazine formation by investigating the effect on ligation of a Casubstituted residue. The proposed, energetically unfavoured equilibrium at cysteine residues between amide and thioester at neutral pH, could perhaps be promoted by alkyl substitution of cysteine, providing a route for simultaneous N,S acyl transfer and ligation (Scheme 1a). The gem dimethyl effect, where alkyl substitution (not restricted to disubstitution) has been shown to be responsible for dramatic increases in rate observed in intramolecular reactions has been widely used in organic chemistry to improve cyclizations. 24 Furthermore, the N,O homologue, isobucaine, possessed promising acyl transfer properties. 25 We therefore investigated the acyl transfer properties of two Ca-substituted cysteine analogues; gem-dimethyl (gdm) and a-methylcysteine (Scheme 1a).
Results and discussion
The 'gem-dimethyl' (gdm) moiety (Scheme 1a) was synthesised and coupled onto the C-terminus of a short peptide sequence LAPAG (ESI †). LAPAG-gdm was added to neutral ligation buffer containing the peptide CFAPLV and the ligation product (LAPAGCFAPLV) was observed to form rapidly under NCL conditions and proceed to completion in 48 h ( Fig. 1 and ESI, Fig. S1 †) . This demonstrated that introduction of gdm at the C-terminus of a peptide provided access to peptide thioesters via N,S acyl transfer. However, the strategy employed proved unwieldy as it was necessary to couple gdm to the protected peptide post-synthesis. Attempts to synthesize peptides using gdm modied trityl resin were unsuccessful possibly because of residual nucleophilicity of the trityl anchored sulphur atom; additionally there was extensive oxidation of the thioether to sulfoxide. We concluded that although the ligation properties of the gdm were encouraging its reactivity would have to be tempered for it to be stable as a linker during Fmoc solid phase synthesis. Additionally we noted that if TCEP was added to the ligation buffer, extensive desulfurisation occurred, as has been observed previously.
26
When we considered alternatives to gdm, alpha amino acids appeared attractive for several reasons, chiey, compatibility with standard SPPS conditions. We chose a-methylcysteine (Scheme 1), as it closely resembles gdm, with a methyl group replaced with a carboxyl group, both in the expectation that the reactivity of gdm could be tuned down to a more practical level and because the carboxylic group provided a more conventional site of attachment to the resin than sulfur. Trityl side-chain protected a-methylcysteine would be stable throughout a peptide synthesis, but potentially, aer deprotection, N,S acyl transfer and ligation could occur. Substituting the acidic hydrogen of cysteine with a methyl group has additional benets of both preventing b-elimination to dehydroalanine which causes low yields during Fmoc SPPS of C-terminal cysteine peptides. 27 Furthermore, we were able to use standard coupling chemistry to subsequently acylate resin-attached a-methylcysteine. Although Ca-substituted amino acids can oen be difficult to acylate because of increased steric hindrance, 28 we coupled a range of amino acids to a-methylcysteine using standard automated peptide coupling procedures of DIC/HOBt and did not observe deletion sequences. The presence of an additional amino acid residue at the C-terminus wouldn't impair peptide solubility as is sometimes the case with thioesters. In the rst instance Fmoc a-methylcysteine(Trt)-OH was loaded onto Wang resin using standard procedures (ESI †). 29 2-Chlorotrityl resin was also loaded with a-methylcysteine. However, Wang resin gave better results for long peptides. Model peptides LAPAGaMeC-OH and LAPAAaMeC-OH were synthesised, both gave single species with correct mass on TFA cleavage. The peptides were added to ligation buffer with the test peptide CFAPRGKR-NH 2 using a peptide concentration of 10 mM and neutral pH with 60 mM mercaptophenylacetic acid (MPAA) as the thiol additive and TCEP as reducing agent. In contrast to the gdm peptide, no desulfurisation was observed with the a-methylcysteine peptides in presence of TCEP. In both cases, the ligation product appeared rapidly as observed by analytical HPLC and the reactions proceeded cleanly to completion with no side reactions such as hydrolysis detected (ESI, Fig. S2 and S3 †) . Furthermore, no formation of peptide MPAA thioester was detected by HPLC suggesting that the ratelimiting step occurred during MPAA thioester formation. A control reaction performed in parallel under the same conditions with LAPAGC-OH gave only a minor amount of ligated product aer 24 h, comparable to the amount of reaction product observed for LAPAGaMeC-OH aer 10 min (ESI, Fig. S4 †) . This shows the importance of cysteine Ca-substitution for efficient N,S acyl transfer in ligation conditions. These model reactions demonstrated the feasibility of performing ligation with C-terminal a-methylcysteine peptides. However, the peptide concentrations used were not representative of those generally used for protein synthesis. We therefore decided to examine the scope of this reaction with more challenging protein examples. Firstly we investigated the synthesis of bovine pancreatic trypsin inhibitor (BPTI), a benchmark for chemical protein synthesis 14, 30 and a target of interest for biophysical folding studies. 31 BPTI has a full range of side-chain functional groups and a Gly-Cys ligation junction. In addition to employing a-methylcysteine we wanted to apply backbone protection in this synthesis, because it has been shown not only to assist peptide synthesis by preventing on-resin aggregation, but also to dramatically improve post-synthesis peptide solubility in aqueous solution. 32 However, it has proven difficult to incorporate into N-terminal peptide thioesters using Boc SPPS.
33
Hmb was incorporated into the N-terminal fragment at Gly28 using standard automated coupling. Acetylation of Hmb prevented its loss during acid deprotection and resin-cleavage, the acetyl group was in turn removed by the addition of aqueous hydrazine to the peptide in a neutral buffered solution, followed by HPLC purication. a-Methylcysteine, in contrast to a thioester, was stable to hydrazine treatment demonstrating its potential compatibility with hydrazine labile protecting groups. Ligation of the two pieces, HmbBPTI(1-37)aMeC and BPTI(38-58) proceeded cleanly to completion with MPAA as thiol additive at neutral pH (Fig. 2) . This synthesis demonstrated the feasibility of protein synthesis with a-methylcysteine and was the rst time backbone protection has been applied in a ligation.
We next synthesised murine KC (mKC), the mouse functional homologue of interleukin 8, the rst protein synthesised by NCL, 34 to test the compatibility of a-methylcysteine peptides with more demanding ligation conditions. mKC has a central His-Cys site as a ligation junction. The N-terminal fragment aggregated above concentrations of 1 mM in ligation buffer containing 6 M guanidine. Therefore, ligation was attempted at a lower peptide concentration (0.4 mM). Ligation proceeded cleanly and went to completion as monitored by analytical HPLC (Fig. 3) . Surprisingly, the ligation rate was similar to that of the model peptides at 10 mM and identical buffer conditions. This observation suggests that the reaction is dominated by a slow N,S unimolecular rearrangement with rst order concentration dependence. This is in contrast to classical NCL conditions (using preformed peptide thioesters) that are very concentration dependent, presumably because of the rate limiting role of bimolecular thioester exchange. 35 The ligation reactions using amethylcysteine peptides were sluggish in comparison to NCL using preformed thioester peptides but no side reactions were detected. This reaction resembles the 'low power' peptide 36 In the low power philosophy, side reactions such as hydrolysis and epimerisation are minimised by using only weakly activated esters and a proximity assisted unimolecular step. Low reactivity is also an important consideration for longterm storage of protein fragments. Although many impressive protein targets have been achieved using the favoured ligation junctions of Gly and His, for example, diptericin, 13c phospholipase A2 37 and cytochrome b562, 38 the scope of the reaction would be very limited if it was only applicable to the two most favourable sites. Therefore we looked at leucine as it is one of a subset of amino acids that give a slower ligation rate when positioned at the ligation site. 10 We chose a fragment (26-63) ColE1-Rop protein, used before as a model target for ligation.
26b, 39 The ligation reaction was saturated with MPAA to a concentration of 300 mM, considerably higher than we had used previously, but standard for other N,S transfer based ligations.
20, 21 The reaction was performed at pH 6 and proceeded smoothly to completion in a practical timescale (30 h, Fig. 4 ) comparable to the BPTI ligation with Gly at the ligation site at 60 mM MPAA. Again no side reactions such as thioester hydrolysis were observed. Leu is a much more demanding ligation residue than Gly and these results therefore suggested that the important factor in this reaction was the concentration of MPAA. In addition it indicates that this ligation is of promising scope and should be applicable to a wide range of ligation sites. A matrix of reactions was carried out to investigate the impact of ligation conditions (pH and MPAA concentration) ( Table 1 ). This set of experiments indicates that MPAA concentration is the major determinant of reaction rate although lower pH (6 instead of 7) favours reaction also, possibly by trapping the acyl transfer in the thioester form with the amine protonated.
12b The effect of pH was more apparent for Leu than for His or Gly. Under the optimized conditions (MPAA, 300 mM, pH 6), ligation with the control peptide LAPAGC-OH was still negligible aer 24 h (ESI, Fig. S5 †) . It should be possible to increase reactivity by increasing the bulk of the substitution at the Ca position further. Simple modications of this basic design can be envisaged to tailor the desired reactivity.
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Conclusions
The use of C-terminal a-methylcysteine as a thioester precursor is a powerful new technology for chemical ligation because of its simplicity. a-Methylcysteine can be loaded onto the resin of choice like any standard amino acid, subsequent acylation is quantitative with standard couplings and aer deprotection and characterization, the peptides can be used directly without further manipulation. In contrast to the sulfonamide safety catch linker the peptide can be acetylated and treated with hydrazine post-synthesis allowing the application of Hmb and other protecting group strategies. 41 The deprotected a-methylcysteine functions as a weakly activated thioester equivalent. The ligation rate can be modulated by simply changing the MPAA concentration. We are currently exploring the scope and compatibility of this approach with the synthesis of PTM proteins. 
